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Although sex determination starts in the gonads, this may not be the case for species with temperature sex determination
(TSD). Since temperature affects the whole embryo, extragonadal thermosensitive cells may produce factors that induce
gonadal sex determination as a secondary event. To establish if gonads of a species with TSD respond directly to
temperature, pairs of gonads were cultured, one at female-promoting temperature (FPT) and the contralateral at
male-promoting temperature (MPT). Histological and immunohistochemical detection of SOX9 revealed that the response
to temperature of isolated gonads was similar to that of the gonads of whole embryos. While gonads cultured at MPT
maintained SOX9 expression, it was downregulated in gonads at FPT. Downregulation of SOX9 took longer in gonads
cultured at stage 23 than in gonads cultured at stage 24, suggesting that a developmental clock was already established at
the onset of culture. To find out if sex commitment occurs in vitro, gonads were switched from FPT to MPT at different
days. Results showed that the ovarian pathway was established after 4 days of culture. The present demonstration that
gonads have an autonomous temperature detector that regulates SOX9 expression provides a useful starting point from
which the molecular pathways underlying TSD can be elucidated. © 2001 Academic Press
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oINTRODUCTION
In most vertebrates, the morphological events leading to
the onset of sex differentiation occur in the genital ridge, an
embryological primordium morphologically common to
the two sexes. Thus, it is assumed that the molecular
events underlying the establishment of an undifferentiated
gonad depend on the expression of similar genes in both
sexes. Thereafter, it is assumed that differential regulation
of these and/or expression of new genes within the morpho-
logically undifferentiated gonads precede the histological
changes that lead to the formation of either a testis or an
ovary.
1 To whom correspondence should be addressed at the Depart-
ment of Cell Biology, Instituto de Investigaciones Biomedicas,
UNAM, Ciudad Universitaria, Apdo. Postal 70228, 04510 Mexico,
D.F., Mexico. Fax: (525) 655-3897. E-mail: merchant@servidor.dunam.mx.
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All rights of reproduction in any form reserved.Although in eutherian mammals the gene SRY acts as a
witch for a cascade of genes required to form a testis
Gubbay et al., 1990; Koopman et al., 1991), the primary
ene for gonadal differentiation in other vertebrates re-
ains unknown. However, an increasing number of genes
re being identified that are expressed in embryonic gonads
f vertebrates with diverse mechanisms of sex determina-
ion (Parker et al., 1999; Oreal et al., 1998). Among them,
he SRY-related gene SOX9 is upregulated in male gonads of
ammals and birds in which the heterogametic sex is the
ale or the female, respectively (Da Silva et al., 1996; Kent
t al., 1996). In reptiles with temperature sex determination
TSD), SOX9 is upregulated in male gonads in three species:
he freshwater turtle Trachemys scripta (Spotila et al.,
998), the American alligator Alligator mississippiensis
Western et al., 1999), and the sea turtle Lepidochelys
livacea (Moreno et al., 1999).
In most vertebrates with genetic sex determination (GSD)ifferential gene expression for sex differentiation starts
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320 Moreno-Mendoza, Harley, and Merchant-Larioswithin the gonads; however, this may not be the case for
species with TSD. Since temperature affects the whole
embryo, extragonadal thermosensitive cells in the neural
system may produce factors that could induce sex determi-
nation at gonadal level as a secondary event. This possibil-
ity was supported by the presence of nerves within the
undifferentiated gonad of L. olivacea, suggesting that the
entral neural system (CNS) may play a role in gonadal sex
etermination and/or gonadal sex differentiation in this
pecies (Merchant et al., 1989; Gutierrez et al., 1999).
Although decapitation experiments in embryos of two
pecies of reptiles (Reynaud, 1962; Dufaure, 1966) suggested
hat gonadal sex determination is independent of the CNS,
hese two species lack TSD, and like mammals and birds,
hey have GSD. Thus, it remains to be established if in
pecies with TSD, the cells within the undetermined gonad
ave a temperature detector or if the detector is in an
xtragonadal organ which then transfers the information to
he gonad. A good candidate for the latter process is the
NS which, at least in postnatal organisms, mediates the
hysiological responses to the environmental factors.
In the Olive ridley, L. olivacea, SOX9 is expressed in
ndifferentiated gonads from stage 21 to 24 at both male-
romoting temperature (MPT) (26°C) and female-promoting
emperature (FPT) (33°C). Thereafter, at stage 26, the onset
f morphologic sex differentiation, SOX9 remains upregu-
ated in medullary cords of male gonads but is downregu-
ated in female gonads (Moreno et al., 1999). In contrast to
he American alligator, in which SOX9 is not expressed at
PT and is upregulated after the temperature-sensitive
eriod (TSP) (Western et al., 1999), in the Olive ridley,
OX9 regulation occurs during the TSP. Thus, in this
pecies, expression of SOX9 is a useful criterion that can be
orrelated with sex determination. In the present work we
tudied the effect of temperature on the regulation of SOX9
n cultured gonads dissected during the TSP. Furthermore,
he process of sex determination was investigated in cul-
ured gonads switched from FPT to MPT and correlated
ith the response of gonads in whole embryos simulta-
eously switched from FPT to MPT.
MATERIALS AND METHODS
Animals
Eggs of L. olivacea were collected from La Escobilla beach (96°
79160W, 15° 409360N), Oaxaca, Mexico, and transported to Mexico
ity within 12 h. The eggs were divided into two groups and
ncubated at MPT (26 6 0.5°C) or FPT (33 6 0.1°C) for different
xperiments. The experiments were performed using eggs from six
lutches and the development stage was determined according to
iller’s criteria (Miller, 1985).
Organ Cultures
Since switch experiments demonstrated that sex is determined
earlier at MPT than at FPT (Merchant et al., 1997), gonads were 1
Copyright © 2001 by Academic Press. All rightdissected at stage 23 or 24 from embryos incubated at 26 or 33°C,
respectively. At these stages, SOX9 is expressed in gonads of
embryos incubated at both MPT and FPT (Moreno et al., 1999). The
two gonads from each embryo were dissected; one gonad was
cultured at 33°C and the contralateral at 26°C. For the time-course
study, pairs of gonads from each temperature were sampled at days
4, 6, 8, 10, and 13 (Table 1). Gonads were carefully dissected from
the adjacent mesonephros and adrenal gland in L-15 medium
(Gibco BRL, U.S.A.). Isolated gonads were placed on 0.4-mm trans-
arent, low-protein-binding Biopore membrane (Millipore Corp.,
edford, MA) floating on 2 ml of Leibovitz’s L-15 medium (Gibco
RL, U.S.A.) with 0.16% NaCl. The medium was supplemented
0% with serum from male or female hatchlings of L. olivacea age
1–12 months. The blood was obtained from the dorsal cervical
inus according to the technique of Owens and Ruiz (1980). In order
o inactivate cytostatic factors, the serum was heated 45 min at
6°C. For the present study whole serum was used; no other
reatment was employed to eliminate steroid hormones or other
actors. In order to correlate the expression of SOX9 in vitro and in
vo, gonads were sampled from embryos of the same clutch
ncubated at 26 or 33°C on days 4, 6, 8, 10, and 13 after the onset
f cultures. These experiments were made with eggs of three
ifferent clutches.
Temperature-Switch Experiments in Vitro
or in Ovo
Gonads from embryos incubated at FPT (33°C) were dissected at
day 19 (stage 24) and cultured at the same temperature in petri
dishes containing three gonads each. Gonads in petri dishes were
switched to MPT (26°C) at days 0, 2, 3, 4, and 5. These days in vitro
orrespond to days 19, 21, 22, 23, 24, and 25 of whole embryos in
vo. Therefore, embryos of the same clutch from which the gonads
ere dissected and switched from 33 to 26°C on the corresponding
ays. The experiments were repeated with eggs of two different
lutches.
Immunocytochemical Detection of SOX9
Antigen-affinity antibody raised to the human SOX9 C-terminal
24-amino-acid epitope (VPSIP-Q-THSPQ-HWEQ-PVYTQLTRP)
was prepared according to the protocol described by Da Silva et al.
1996). For histochemical detection of SOX9 in gonads after culture
nder the different experimental conditions described above, the
rgans were fixed in 4% paraformaldehyde in PBS for 10 min,
ashed in PBS, and incubated in 7% sucrose in PBS overnight. The
issue was embedded in OCT medium (Tissue-Tek) and frozen at
70°C. Serial sections of 10-mm thickness were used. After air
rying on microscope slides, sections were treated with 1% Triton
-100 in water, rinsed with PBS, and blocked using 1% bovine
erum albumin for 2 h. The sections were then incubated overnight
n SOX9 polyclonal antibody diluted 1:500 with 1% bovine serum
lbumin. After being washed in PBS, the sections were treated with
uorescein–goat anti-rabbit IgG (Sigma) diluted 1:250 in blocking
olution. For histology, contralateral gonads were fixed with
arnovsky (1965) solution, postfixed with osmium tetroxide in
etterqvist (1956) solution, and embedded in Epon 812. The
-mm-thick sections were stained with toluidine blue.
s of reproduction in any form reserved.
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321Sox9 Expression in Cultured Gonads of L. olivaceaRESULTS
Time Course Expression of SOX9 in Gonads
Switched in Vitro or in Ovo
For the first time-course series, the gonads were dissected
and cultured from embryos at day 19 and incubated at FPT
(33°C). At this age and temperature, the embryos have
reached stage 24 (Table 1). Immunohistochemical detection
of SOX9 protein was positive in nuclei of medullary cords;
in contrast, cells of the surface epithelium rarely showed
positively stained nuclei (Fig. 1A). After 4 days of culture,
SOX9 remained positive in the medullary cords of gonads
incubated at both MPT (26°C) and FPT (33°C) (Figs. 1B and
1C). After 6 days of culture, there was a drastic drop in the
number of SOX9-positive cells at FPT, whereas in contralat-
eral gonads cultured at MPT, SOX9 was clearly maintained
in medullary cords (Figs. 1D and 1E). Thereafter, whereas at
8 and 10 days of culture gonads cultured at 26°C maintained
the expression of SOX9 in medullary cords, in the contralat-
eral gonads incubated at 33°C, SOX9-positive cells were no
longer detected (Figs. 2A and 2B). Interestingly, the patterns
of SOX9 expression in gonads of whole embryos switched
from FPT to MPT at days 4 to 10 or maintained at FPT were
similar to the patterns of the gonads in culture at the
corresponding age and temperature. While gonads of
switched embryos showed intense expression of SOX9 at
day 10 (Fig. 2C), in gonads of embryos maintained at FPT
the number of SOX9-positive cells decreased rapidly. At day
25, the number of SOX9-positive cells was reduced to the
innermost medullary region (Fig. 1F) and, at day 29, SOX9
TABLE 1
Time Course Detection of SOX9 in Gonads of L. olivacea in
Vitro and in Switched Embryos
Days in culture
Gonads in vitro Gonads in ovo
26°C 33°C 26°C 33°C
Gonads from embryos incubated at 33°C for 19 days (stage 24)
4 1 (6) 1 (6) 1 (6)a 1 (6)
6 1 (6) 6 (6) 1 (6)a 6 (6)
8 1 (6) 2 (6) 1 (6)a 2 (6)
10 1 (8) 2 (8) 1 (6)a 2 (6)
Gonads from embryos incubated at 26°C for 27 days (stage 23)
4 1 (4) 1 (4) 1 (4) 1 (4)b
6 1 (4) 1 (4) 1 (4) 1 (4)b
8 1 (4) 6 (4) 1 (4) 6 (4)b
10 1 (4) 6 (4) 1 (4) 6 (4)b
13 1 (4) 2 (4) 1 (4) 2 (4)b
Note. Numbers in parentheses indicate the number of samples
gonads.
a Gonads of switched embryos from 33 to 26°C.
b Gonads of switched embryos from 26 to 33°C.was undetectable (Fig. 2D). d
Copyright © 2001 by Academic Press. All rightTable 1 summarizes the results of the time-course experi-
ents of SOX9 expression in gonads both in vitro and in
vo. As expected, gonads dissected at stage 23 from em-
ryos incubated at 26°C were smaller than gonads from
mbryos at stage 24 incubated at 33°C. However, due to the
low rate of development at MPT, the former was 8 days
lder than the latter (27 days at MPT vs 19 days at FPT).
urthermore, at MPT, gonadal sex is determined at stage 24,
hereas at FPT, female sex determination occurs at stage
5 (Merchant et al., 1997). Thus, we considered it worth-
hile to compare the temperature response between gonads
issected from embryos previously incubated at FPT or
PT.
In cultured gonads from embryos previously incubated at
PT, the expression pattern of SOX9 in medullary cords
esembled that of the gonads from embryos at MPT (not
hown). However, there was a delay of several days for
ownregulation of SOX9 in gonads cultured at 33°C dis-
ected from embryos incubated at MPT (Table 1). Whereas
n gonads from embryos at FPT SOX9 starts downregulation
t day 6, gonads from embryos incubated at MPT main-
ained a small number of SOX9-positive cells up to day 10
f culture. It was not until day 13 of culture at 33°C that the
edullary region of the gonads appeared devoid of SOX9-
ositive nuclei. Gonads of whole embryos switched at day
7 from MPT to FPT, or maintained at 26°C, showed a
attern of SOX9 expression similar to that of the cultured
onads (Table 1).
Figures 3A and 3B show semithin sections of a pair of
onads cultured 13 days at MPT and FPT, respectively, that
ere dissected at day 27 from an embryo incubated at 26°C.
he surface epithelium of the gonad cultured at 26°C was
ormed by one or two layers of cells, similar to the undif-
erentiated gonad at the onset of culture. The medullary
ords were formed by epithelial cells densely stained with
oluidine blue and corresponded to those that had SOX9-
ositive nuclei in immunostained frozen sections. Their
istological arrangement suggested the formation of the
eminiferous cords in male gonads (Fig. 3A). Semithin
ections of cultured gonads revealed an important differ-
nce between the stromal tissue of gonads cultured at MPT
nd FPT after 13 days of culture. At 26°C, the stromal tissue
ad abundant endothelial cells forming empty blood vessels
istributed between the medullary cords (Fig. 3A). In con-
rast, at 33°C the endothelial cells were scanty and the
tromal tissue had fibrous connective tissue. On the other
and, the medullary cords were fragmented and the thick
ortex clearly exhibited ovarian characteristics (Fig. 3B).
Figure 3C shows the aspect of a gonad after 13 days of
ulture at 27°C. Although at the onset of culture the gonads
ere placed straight on the filter, after 1 or 2 days, they
oiled toward the mesonephric side where the cut was
ade and healed by fusing the sectioned surface. Neverthe-
ess, the surface epithelium of the gonads remained intact
fter 10 or 13 days in culture provided they were carefully
issected and handled. Otherwise, although gonads grow
s of reproduction in any form reserved.
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322 Moreno-Mendoza, Harley, and Merchant-Lariosand SOX9 is expressed in medullary cords, normal morpho-
genesis of ovaries and testes was impaired.
Commitment of SOX9 Regulation in Cultured
Gonads
Table 2 summarizes the response of SOX9 expression in
gonads switched from FPT to MPT. The gonads were
dissected from embryos incubated at 33°C at day 19 and
cultured at the same temperature. Since the gonads were
switched daily to 26°C at days 2 to 6 of culture at 33°C,
FIG. 1. Immunohistochemical staining of SOX9 on frozen section
incubated at 33°C, dissected at day 19, showed positive staining o
the cortex (c) were negative (A). After 4 days of culture, SOX9 rema
and 33°C (C). At 6 days of culture, the number of medullary cells wi
(D), whereas they remained abundant in gonads cultured at 26°C (
also showed a decreased number of SOX9-positive cells (arrows), ltheir corresponding ages were 21 to 25 days. Gonads e
Copyright © 2001 by Academic Press. All rightwitched at days 19 to 22 (0 to 3 days of culture at 33°C) to
PT maintained SOX9-positive nuclei in cells of the med-
llary cords, indicating that up to these ages, female gonads
ere not committed yet. However, SOX9-positive cells
ere absent in gonads switched to 26°C at day 23 (4 days of
ulture at 33°C) and onward, indicating that the critical day
or female gonad commitment is around day 23. Control
onads of whole embryos switched from 33 to 26°C at the
ame ages showed a response similar to that of gonads
witched in culture. At days 19 to 22, SOX9 expression was
aintained at 26°C; however, it was downregulated in
onads of L. olivacea. At the onset of culture, gonads from embryos
9 in nuclei of cells in the medullary region (m), whereas cells on
positive in the medullary cords of gonads incubated at both 26 (B)
X9-positive nuclei (arrows) decreased in gonads incubated at 33°C
onads of whole embryos incubated at 33°C and fixed at day 25 (F)
e gonads cultured 6 days at 33°C. Bar, 100 mm.s of g
f SOX
ined
th SO
E). Gmbryos switched at day 23 and onward.
s of reproduction in any form reserved.
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323Sox9 Expression in Cultured Gonads of L. olivaceaDISCUSSION
In a previous study we failed to see a temperature effect in
cultured gonads of L. olivacea (Merchant et al., 1989). When
his study was made, the TSP of L. olivacea and the critical
tages of response to temperature switches were still un-
nown. In the current work, gonads were dissected at stages
3 or 24 from embryos incubated at MPT or FPT, respec-
FIG. 2. Immunohistochemical staining of SOX9 in cultured go
promoting temperatures. After 10 days of culture, SOX9 was main
contralateral gonads incubated at 33°C, SOX9-positive cells were
embryos of the same clutch fixed at day 29. SOX9 staining was pos
staining disappeared in gonads of embryos incubated at 33°C (D).ively. At these stages, almost 100% respond to the s
Copyright © 2001 by Academic Press. All rightwitched temperature (Merchant et al., 1997, and present
bservations). Furthermore, in our previous study the go-
ads were cultured on Millipore filters that, due to their
igh protein binding property, often provoked a flat devel-
pment, which impaired morphogenesis. In contrast, the
ransparent, low-protein-binding filters used in the current
tudy allowed the gonads to develop normally in volume,
nd morphogenesis was improved. Finally, in the previous
and in gonads of whole embryos incubated at male- or female-
ed in the medullar region of gonads at 26°C (A). However, in the
tectable (B). These gonads were compared with gonads of whole
in medullary cords of embryos incubated at 26°C (C), whereas the
00 mm.nads
tain
unde
itivetudy, the gonads were cultured without serum, whereas in
s of reproduction in any form reserved.
B) and 1.0 mm (C).
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Copyright © 2001 by Academic Press. All rightthe present work, the culture conditions were improved
considerably by adding serum from hatchlings of Olive
ridleys. The development of healthy gonads in culture for
up to 13 days under the new culture conditions explains the
temperature response of isolated gonads. The presence of
abundant germ cells in gonads at both temperatures indi-
cates that the culture method used in this study also
permits survival and proliferation of these cells (results not
shown).
The present study demonstrates that cells of isolated
gonads respond to temperature in a species with TSD, thus,
it rules out the hypothesis of a direct role of the neural
system that first senses this environmental factor and
mediates sex determination (Merchant et al., 1989; Gutier-
rez et al., 1999). Factors present in the serum added to the
culture medium might play a role in the temperature
response of isolated gonads. However, this seems unlikely
at least for sex-related hormones since no difference in the
temperature response was found with sera obtained from
male or female hatchlings.
Embryos incubated at 26°C (MPT) develop slower than
embryos at 33°C (FPT). At MPT, embryos require around
8–10 days to pass from one stage to the next, whereas at
FPT they take only 4–6 days (Merchant et al., 1997, and
present observations). Gonads in ovo of embryos incubated
at 33°C showed downregulation of SOX9 around day 27
(stage 25/26). Since cultured gonads from embryos incu-
bated at 33°C were dissected on day 19, they were also 27
days of age after 8 days of culture. On the other hand,
gonads in ovo of embryos switched from 26 to 33°C at day
27 took around 13 days for downregulation of SOX9, at day
40, when they reached stage 26. Similarly, in gonads from
embryos incubated at 26°C and then cultured at 33°C,
SOX9 was undetected after 13 days. These results suggest
that the time span required for gonadal cells in vitro to
modulate SOX9 expression closely follows the stage of
development as gonads in whole embryos. At stage 23,
TABLE 2
Detection of SOX9 in Gonads Cultured at 33°C and Switched
to 26°C Correlated with SOX9 Expression in Gonads
of Whole Embryos
No. of days
at 33°C
Age when
switched
Gonads in vitro Gonads in ovoa
No. of days
at 26°C
SOX9
(n)
No. of days
at 26°C
SOX9
(n)
0 19 10 1 (6) 10 1 (6)
2 21 9 1 (6) 9 1 (6)
3 22 10 1 (6) 10 1 (6)
4 23 10 2 (6) 10 2 (6)
5 24 10 2 (6) 10 2 (6)
6 25 9 2 (6) 9 2 (6)
Note. (n) number of sampled gonads.FIG. 3. Gonads of L. olivacea cultured 13 days at male- or
female-promoting temperatures. (A) Semithin section of a gonad
incubated at 26°C showing well-developed medullary cords (m)
formed by densely stained epithelial cells. Some germ cells
(arrows) remained in both the medullary region and the cortex
(c). Among the medullary cords appeared empty spaces sur-
rounded by endothelial-like cells (*). (B) The contralateral gonad
of the gonad shown in A, incubated at 33°C. The thickness of the
surface epithelium shows a well-developed cortex (c), indicating
that this gonad has acquired an ovarian histology. (C) A cultured
gonad on the filter floating on the culture medium. After 1 day
of culture, the gonad usually coiled toward its mesonephric side
and the sectioned surface was fused (arrows). Bar, 100 mm (A anda Gonads of embryos switched from 33 to 26°C.
s of reproduction in any form reserved.
325Sox9 Expression in Cultured Gonads of L. olivaceadownregulation of SOX9 took longer than at stage 24. Thus,
present results suggest that a developmental clock is al-
ready established in dissected gonads at the onset of cul-
ture.
The current study also provides new data regarding the
critical period for female sex determination in L. olivacea.
To find out if cultured gonads follow a similar timing for
sex determination than gonads in ovo, a time course study
was undertaken switching gonads from FPT to MPT. Re-
sults showed that upregulation of SOX9 was maintained at
MPT when gonads were switched to 26°C at days 19 to 22
(after 0 to 3 days at 33°C). Thereafter, however, at day 23
and onward, SOX9 was downregulated in switched gonads,
suggesting that the ovarian pathway that controls down-
regulation of SOX9 was established after 4 days of culture at
33°C. Similarly, gonads of whole embryos switched from
FPT to MPT at days 19–22 were masculinized and main-
tained SOX9 expression. In contrast, in gonads of embryos
switched at day 23 and onward, SOX9 was downregulated,
suggesting that they were feminized. Present results indi-
cate that, in embryos incubated at 33°C, female gonads
become committed around day 23.
In the current work we have demonstrated that expres-
sion of SOX9 is regulated by temperature in isolated
gonads in organ culture. Whether the response to tem-
perature is direct or mediated by the expression of
another factor(s) remains to be explored. In any case,
present findings suggest that gonadal cells have a ther-
mosensitive pathway that regulates SOX9, a gene in-
volved in Sertoli cell differentiation in other vertebrates
(Da Silva et al., 1996; Oreal et al., 1998; Western et al.,
1999). In the Olive ridley, L. olivacea, SOX9 is upregu-
lated at MPT both in vitro and in ovo in somatic cells of
medullar cords; thus, it can be assumed that in this
species, like in mammals and birds, SOX9 is also required
for Sertoli cell differentiation. Since at female-promoting
temperature SOX9 is downregulated in cultured gonads,
present results suggest that inhibition of Sertoli cell
differentiation in medullary cords during the thermosen-
sitive period plays a critical role in ovarian commitment.
Although upregulation of SOX9 is necessary for differen-
tiation and/or maintenance in vertebrates of Sertoli cells,
the mechanisms that control SOX9 expression vary in
different groups. In mammals, SRY directly or indirectly
regulates SOX9 and this, in turn, regulates MIS expression,
another gene that characterizes Sertoli cell differentiation
(Arango et al., 1999). In birds and the American alligator,
however, the order is reversed; MIS is expressed prior to
SOX9 (Oreal et al., 1998; Western et al., 1999), thus, the
male-determining switch in nonmammalian species re-
mains unknown. The present demonstration that gonads
have an autonomous temperature detector that regulates
SOX9 expression provides a useful starting point from
which the molecular pathways underlying TSD can be
elucidated.
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